The mineral content of bone can be determined by measuring the absorption by bone of a monochromatic, low-energy photon beam which originates in a radioactive source (iodine-125 at 27.3 kev or americium-241 at 59.6 kev (1)
A n improved method for measuring the mineral content of bone in vivo by photon absorption techniques has been developed. The methods previously described in the literature 1, 2 are based on measurement of the transmission through bone of photon beams which are generated by standard x-ray tubes. The transmission is usually determined by densitometric measurements of x-ray films. The method described here differs from each of these earlier methods in one or more ways: in this method (i) the transmission of the photon beam is measured directly by counting techniques, by means of a scintillation detector system; (ii) the photon beam used is essentially monochromatic; (iii) the photon beam and detector are well collimated; and (iv) the effects of the tissue around the bone are taken into account. These factors eliminate errors resulting from the variability of x-ray films and film development techniques, reduce uncertainties in absorption coefficients, reduce the effects of scattered radiation, and reduce errors arising from the presence of tissue. Figure 1 is a schematic diagram of the equipment used. The radioactive photon source used at present is iodine-125 (5 mc) contained in a thin-walled stainless steel tube 1 cm long, 3 mm in diameter. [An americium-241 source (1 mc) in tubing of similar dimensions is also used.] The tube is placed in a hole 3 mm in diameter in a small lead cube. The hole is drilled in such a way that the end of the tube is 5 mm below the surface of the lead, for purposes of collimating the photon beam. The tube is viewed end-on by the crystal detector system, which is also collimated, as shown schematically in Fig. 1 . Two holes, each 3 mm in diameter, drilled in a pair of lead plates, each 5 mm thick, serve as collimating apertures. The plates are 4 cm apart, and the two holes are aligned on a common axis with the photon source.
The source and the detector system are rigidly coupled by mechanical means and are driven simultaneously in 1-mm steps, in a direction transverse to the bone, by the motor-drive system. Measurements of the transmission of the photon beam through the bone are made for a 10-second
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Equation 1 gives an equivalent thickness of compact bone mineral of density r b for the point at which the intensity of the transmitted photon beam is I. Measuring I at closely spaced intervals salud pública de méxico / vol. 51, suplemento 1 de 2009 Cameron JR, Sorenson J across the bone gives a series of equivalent thicknesses which, when summed, give the equivalent cross-sectional area of compact bone mineral in the bone. A standard composition of bone mineral is assumed in these calculations. 3 The absorption coefficient μ b can be determined on the basis of this assumption from tabulated atomic absorption coefficients. 4 It is also assumed that all non-bonemineral substances absorb radiation to the degree that striated muscle tissue does. The absorption coefficient μ m can be calculated in a similar manner, or it can be experimentally determined for the particular tissue under study.
As shown in Fig. 1 , the bone and tissue under observation are placed between form-fitting pieces of tissue equivalent material [for example, Mix-D] 5 with parallel opposite faces. This is done to make sure that the quantities I o * and I are measured for equal thicknesses of "tissue" or of tissue plus bone; equal thicknesses are necessary if the mathematical relationships given in Eq. 1 are to be true.
The method has been used to determine the mineral content of bone in over 200 persons. At present, the 10-second transmission counts are recorded from the scaler at each of the 1-mm intervals across the bone. These transmission measurements are plotted at equal intervals on semilogarithmic graph paper, and a smooth curve is drawn through them. The extended I o * curve is also drawn in, as though the bone were replaced with tissue. Examples of such graphs are shown in Fig. 2 ; these are graphs for scans, made with I 125 as a radiation source, on a typical normal female and a typical 
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ClásiCo osteoporotic female. The distance between the two curves at any point is directly proportional to log e (I o */I), and hence, in accordance with Eq. 1, to T b . The total area between the curves, which can be accurately measured with a planimeter, is thus proportional to the cross-sectional area of bone mineral in the path scanned. This area of bone mineral is numerically equal to the volume of bone mineral per unit length of bone. From the known density 2 one can determine the mass of bone mineral in a unit length of bone.
The scans recorded in Fig. 2 were made on the radius of the left arm, about 10 cm from the distal end. Figure 3 is a plot of the mineral content of bone relative to age for 137 female subjects; the scans were made on the left radius. The content of bone mineral is given in grams of hydroxyapatite per 1-cm length of bone. Data points for patients for whom a clinical diagnosis of osteoporosis had been made are indicated by a star. The phenomenon of "postmenopausal osteoporosis" after age 50 is clearly noticeable.
Repeat measurements have been made for most subjects, and in general, results have been found to be reproducible to within 3 percent. A common source of error in the reproducibility data is movement on the part of the subject while the scan is in progress.
This error appears in the results as a change in the apparent width of the bone. The measured area can be adjusted to minimize this error by comparing the apparent width as determined from the scan with the width measured from an x-ray of the bone. The results of this method of determining the content of bone mineral are accurate to within about 3 percent, as determined by studies on bone phantoms. It is possible to extend this method to obtain information about the composition of the bone mineral. The mass absorption coefficient of a homogenous combination of n elements, such as bone mineral, can be expressed as
where f 1, f 2, . . . f n are the fractions (by weight) of the elements present and μ 1, μ 2 … μ n are the mass absorption coefficients of these elements. These absorption coefficients are known, 4 so that when this expression for μ b is substituted in Eq. 1, an equation in n + 1 unknowns results, f 1 , f 2 , . . . f n , and T b . If I o */I is measured at n different photon energies, a set of n equations of the form of Eq. 1 is obtained. These n equations, along with the equation
form a system of n + 1 equations in n + 1 unknowns which may be solved by algebraic methods for f 1, f 2, . . . f n and T b . The primary mineral elements of bone are calcium and phosphorus, so, in principle, the Ca/P ratio for a particular bone could be determined by measuring I o */I over the same point on the bone at two different photon energies. Equation 1 may be transformed to read
where A b is the amount of bone mineral in a cross section of bone and G is the graph area obtained by plotting and measuring the area between the I and I o * curves on semilogarithmic graph paper, as described previously. C is a constant which depends on the physical dimensions of the graph paper used. If G is measured at two different energies, the Ca/P ratio for the cross section of bone under observation could be obtained from Eq. 3 and two equations of the form of Eq. 4. This method could also be used to determine the relative amount of fat in tissue.
This technique has been tested on a two-phase material with I 125 (27.3 kev) and Am 241 (59.6 kev) as radioactive sources. The materials used were blocks of paraffin and CaCO 3 , homogeneously mixed in known proportions. The measurements resulted in determination of the percentage, by weight, of CaCO 3 present in the blocks, over a wide range of compositions, to an average accuracy of within 3 percent.
The principal errors at the present time are the result of uncertainties in the absorption coefficients and the lack of complete monochromaticity in the photon sources. These errors can be reduced through further study. If the only errors involved were statistical ones, an accuracy to within less than 2 percent could be expected in determining the mineral content of bone by this method.
The radiation exposure per scan with the techniques described is of the order of 0.15 rem with an I 125 (27.3 kev) source of 5-mc activity. The exposure is about 0.05 rem when a source of Am 241 (59.6 kev) of 5-mc activity is used. This exposure is limited to a small area of the forearm and should be compared with the maximum permissible dose to the forearms of children of 7.5 rem per year. 6, 7 Note added in proof. We have found a simple method for making "point" sources of I 125 . Iodine is removed from solutions by an ion-exchange resin, Dowex 1 x 4, 20-50 mesh. 8 Single grains of the resin, allowed to stand for periods of about 48 hours in freshly prepared carrier-free radioactive iodine solutions, will take up 5 mc of iodine. Grain diameters are less than 1 millimeter.
